To speed up the torrefaction process in traditional torrefaction reactors, in particular auger reactors, the temperature of the reactor is substantially higher than the required torrefaction process temperature. This is due to the low heat conductivity of biomass. Unfortunately, the off-gas characteristics of biomass are very sensitive in the temperature window of 180-300°C which can cause a thermal runaway situation in which the process temperature exceeds the intended level. Due to this very sensitive temperature dependence of biomass pyrolysis and its accompanying gas production, a potential solution is to inject small amounts of air directly into the torrefaction reactor. It is found experimentally that this air injection can regulate the temperature of the biomass very rapidly compared to traditional temperature regulation by changing the reactor wall temperature. With this new torrefaction temperature control method, thermal runaway situations can be avoided and the temperature of the biomass in the reactor can be regulated better. Experiments with large beech wood samples show that the torrefaction reaction rate and the temperature in the core of the sample depend on the amount of injected air. Since the flow of combustible gasses (torr-gas) originating from the torrefaction process is very sensitive to temperature, the heat production by combusting the torr-gas can be controlled to some extent. This will result in both a more homogeneous torrefied product as well as a more stable processing of varying biomass types in large-scale torrefaction systems.
Introduction
In recent years the influence of oxygen on the torrefaction process has been studied at small scale (Congwei Wang, 2013) , (Ajmia Chouchene M. J., 2010), bench scale (Shazleen Saadon, 2014) (Yoshimitsu Uemura, 2013) (Lam, 2016) and pilot scale (Joshi, 2015) . The main focus of these experiments was on safety (maximum oxygen concentration before ignition) and economizing (solid yield and its properties e.g. corresponding Higher Heating Value (HHV)) as well as the identification of gaseous product species. Since an inert sweepgas like N 2 is rather expensive compared to air/flue gasses, torrefaction experiments were only done on pilot scale to determine the maximum oxygen concentration in the sweepgas so that no ignition of the biomass would occur \cite{Joshi2015}. The conclusions of these experiments were that a small concentration of oxygen has a significant influence on the mass yield which in turn proves to be highly sensitive to the reactor temperature and type of biomass. Joshi et al. (Yash Joshi, 2015) investigated the maximum oxygen concentration at various reactor temperatures of the sweepgas in a packed bed setup at which the energy yield of the solid end product was still acceptable.
Other studies focused on the after treatment of the torrefied product which was produced in an oxidative environment (P. Rousset, 2012) Chen et al. (Wei-Hsin Chen, 2013) have conducted experiments with varying superficial air velocities. They came to the conclusion that the higher the airflow, the lower the solid yield. However, in their situation they found an upper limit of to the air flow after which a higher velocity has no influence whatsoever on the solid yield. They proposed that at this rate the thermal degradation is no longer governed by surface oxidation but by internal mass transport.
They concluded that, while using small quantities of oxygen during torrefaction, the torrefaction process can be accelerated because the supplied oxygen reacts with the emitted torr-gas, which results in a rise in the temperature of the biomass. As a result of this rise, the biomass will degrade at a higher rate and thus produce more torr-gas while shortening the torrefaction time which speeds up the throughput of the installation.
by varying the oxygen concentration in the torrefaction reactor. The experiments will investigate the use of air to control the biomass temperature and its accompanying torr-gas production. By combusting the torr-gas, the heat production can be determined real-time and energy balances can be made.
Process parameters varied are the reactor temperature, air flow and the injection air at different moments in time. This information will enable commercial torrefaction systems to balance the heat production and the heat demand of the torrefaction installation while having a constant torrefaction degree and highest possible product yield.
Method
The experimental setup is designed to torrefy biomass parts with a maximum diameter of 30 mm. The torrefaction experiments are done with a batch-type reactor, as shown in Figure 1 . In the present case, beech wood is used because of its uniform structure and quality as a biomass source for calibration of the test system.
The experimental system consists of two main sections. The lower section is the torrefaction reactor in which a biomass sample material, or a holder with biomass chips or saw dust, can be placed with a maximum diameter of 30 mm and a length of 200 mm. The temperature in the biomass sample is measured by five type K thermocouples mounted in the sample, see Figure 2 . A sixth thermocouple is placed just outside the biomass sample to measure the reactor temperature near the sample. These thermocouples are fixed at the bottom of the sample holder and keep the sample in place. The lower reactor is made of stainless steel with a wall thickness of 2 mm. The reactor tube is externally heated by a Carbolic tube furnace with an internal height of 300 mm and internal width of 120 mm. The reactor tube protrudes 100 mm outside the oven, which creates a temperature difference of 250°C lengthwise the reactor tube. The sample holder can slide in vertical direction inside the torrefaction reactor tube which enables torrefaction experiments in which the temperature around the biomass sample can be changed rapidly. At the bottom of the lower reactor there are three gas connections. One can be used to flush the reactor with preheated argon meant for entrainment of the torrgas. A second inlet is used for nitrogen to rapidly cool down the biomass sample and a third is to supply air, either eer.ccsenet.org Energy and Environment Research Vol. 8, No. 1; 2018 for partial or complete combustion of the sample material. The produced torr-gas is transported through a small pipe into the upper section. The upper section is used to combust the torr-gas. The combustor is externally heated and filled with 5-8 mm steel spheres coated with catalytic material to distribute the heat generated by the combustion of the torr-gas. Pre-heated air is supplied at the bottom of the glass spheres where it is mixed with torrgas. The temperature of the combustion bed is monitored by two thermocouples of which the lower thermocouple is located 15 mm above the preheated air inlet. The second thermocouple is placed at a distance of 15 mm above the lower thermocouple to monitor the heat distribution throughout the combustion bed. The off-gas exits the combustor at the top where the gas is cooled down and the condensed water vapour is collected. After the water collection, the exhaust gas enters a mass flow meter to determine the total flow. It is possible to combust the torrgas including the tar components at relatively low temperatures of 520°C. Due to the combustion of torr-gas, the temperature of the combustion bed will rise at a rate depending on the instantaneous heat-production in the combustion process and the heat-release of the combustion reactor to the surroundings. To link the temperature rise or drop of the combustion bed to the quantitatively real time calorific value of the ablated off-gas during torrefaction, the combustion bed needs to be calibrated with a known (constant) heat source. This can be a combustible gas or, as in our case, a heating coil supplied with a constant voltage and current during a specified period of time.
Calibration of the Combustor
As indicated in the previous paragraph, heat is supplied to the combustion chamber at preset values of the power but constant for certain chosen periods of time. The heat is generated by an electric heating coil located at the bottom of the combustion bed and is made from an iron-chromium-aluminium (kanthal) alloy. The generated heat is transported by the argon sweepgas through the combustion bed, see Figure 4 . The calibration procedure and its accompanying mathematical proof is explained in detail in an earlier paper (Z.C. Bourgonje, 2017) . The outcome of the calibration procedure is that the temperature rise of the combustion bed due to a heat source can be converted to the thermal power by using the following formula:
= in which is the calculated thermal power, is the temperature of the combustion bed minus the steady state reactor temperature and the and are the constants determined by the calibration procedure. is a constant correction factor between the temperature rise and the applied thermal power (in this case the heating coil) and the is the response time. By calibrating the combustor for different constant power levels in the range of the thermal output by combusting the ablated torr-gas it was proven that and are constant and therefore it is assumed that this formula can also be applied to calculate the thermal power of the ablated torr-gas during torrefaction.
Unfortunately, not all the heat produced by the heating coil will arrive in the combustion bed above due to radiation and other heat losses. Therefore, a correction factor is added to equation 1 to compensate for this heat loss. The correction factor C is determined by integrating the power curve of the torr-gas and setting this equal to the difference in higher heating value of two samples (virgin biomass and the torrefied biomass) multiplied by their masses: and respectively.
Since a bomb calorimeter measurement is costly, the higher heating value of the samples used in this paper are determined using reference values of seven beach wood samples which were torrefied for different residence times in the reactor. It was found in (Congwei Wang, 2013) and (P. Rousset, 2012 ) that the energy yield of the torrefied biomass is essentially determined by the mass yield and not whether there is O 2 present in the sweepgas. In Figure  5 , a polynomial fitting curve was applied to the tested samples and with this fitting in combination with the mass loss of the samples used in the oxidative torrefaction experiments described in the following sections the higher heating value was determined. 
Torrefaction Procedure
The experimental test procedure consists of three stages reached by moving the biomass sample in the reactor. First, the biomass sample is placed at the bottom of the torrefaction reactor where the surrounding temperature is 105°C so that the physical moisture evaporates, see 错误!未找到引用源。. After the drying stage, the biomass particle is moved upwards in the reactor where the temperature is 200-300°C. At this temperature, the biomass particles are held for 5-180 minutes depending on the type of measurement and the torrefaction process takes place. The last stage is the rapid cooling down of the torrefied biomass sample. By sliding the biomass sample holder to the bottom of the reactor. The biomass sample is kept in location A till it reaches a temperature of 60°C. At this temperature the sample will not auto-ignite when it is removed from the reactor and placed in ambient air.
Before the experiments start, both reactors are heated until the pre-set temperature is reached. The lower reactor has an inflow of preheated argon sweepgas with a rate of 17 Nl/h and in the upper reactor preheated air _ = _ is supplied at a flow of 60 Nl/h. 
Results

First Set of Experiments: Different Temperature and Constant Oxygen Supply
In the first set of the experiments, only the torrefaction temperatures are different and all other parameters are kept constant. To keep the conditions in the torr-gas combustion reactor constant for all three experiments, the temperature of the torrefaction oven is the same for all three experiments (@350°C). Because of the temperature gradient over the length of the torrefaction reactor, the different torrefaction temperatures are obtained by varying the position of the biomass sample.
In Figure 7 the data of the experiments are plotted. In the upper figure the power produced by combustion of the torr-gas is displayed for all three experiments (P A , P B and P C ). The total power is determined by integrating the power curves for each sample (Q A , Q B and Q C ) over 50 minutes. In the lower figure the recorded temperatures of the biomass sample are shown. The thermocouples are placed at the core (r = 0 mm) and at the surface of the biomass sample (r = 16 mm). Figure 7 . Power of torr-gas combustion and temperature of the biomass samples for the torrefaction experiments with different torrefaction temperatures
As expected, the higher the torrefaction temperature, the faster the heating-up of the sample and the higher the total torr-gas yield. For a torrefaction temperature of 313°C the production peak is six times as high, but much narrower in time compared to the 245°C reactor temperature experiment. The horizontal dashed black lines represent the maximum temperature of each sample measured at the center (T sample, max ). The distance between the horizontal grey dotted and dashed lines in the lower graph represents the exothermic overshoot of the temperature at the core of the sample (T overshoot ) above the final stable temperature. The double arrows show the maximum temperature gradient between the core and the surface of the sample (ΔT sample ).
When torrefying at low temperatures like 245°C, the exothermic reaction is less strong than when torrefying at 313°C. The exothermic reaction is more spread out in time however. Another observation is that for the 284°C and 313°C experiments, the combustion power curve is much wider. This was also observed in (Ajmia Chouchene M. J., 2010) and could be due to the degradation of hemicellulose and decomposition of cellulose according to (M.C Blanco Lopez, 2002) and (J.J.M. Orfão, 1999) . In table 1 the results of this set of experiments are summarized. Figure 8 , the extra air supply has no significant effect on the heating rate until the biomass reaches a temperature of about 220°C. This holds good for the thermocouple placed in the centre (r = 0) as well as for the thermocouple placed at the edge of the sample (r = 12 mm). When the samples reach 250°C, the samples to which air is supplied (E, F) have a higher heating rate than sample D to which no air is supplied. This was also observed in the TGA experiments done by Fang et al. (M.X. Fang, 2006 ).
This addition of air also has a very strong effect on the maximum temperature of the sample at r = 0. In the case of sample F, the sample temperature rises faster than that of the samples D and E. This results in large cracks in the sample, see the photograph of sample F in table 2. The solid yield decreased significantly due to the use of oxygen when compared to sample A which was torrefied in a pure argon flow. The solid yield decrease was also observed in the experiments done by Tran et al. (Khanh-Quang Tran, 2016) but is much smaller in their experiments. A likely explanation for this is that because their biomass particles were much smaller (3-4 mm), the heat exchange rate with the surroundings was much higher resulting in lower peak temperatures. What is also observed when studying the temperature curves of the samples in Figure 8 is that the temperature gradient between the core and the outside of the sample is different for the samples E and F compared to sample D. In the case where no oxygen is supplied to the reactor, the core and surface temperature of the sample are even after 40 minutes in the reactor. This is however not the case for the samples E and F. It can be concluded that the oxygen molecules can travel to the core of the sample and react with the emitted torr-gas which result in a local heat production. 
Third Set of Experiments: Adding Oxygen at Different Moments in Time
In Figure 9 and table \ref{table2} the data are shown for the experiment in which an air flow of 4.4 Nl/h was added at three different moments. Sample G has the airflow from the beginning. For sample H, the air was added after 17 minutes to the reactor and for sample I the air was added after 42 minutes to the reactor.
The experiment with sample G is done to see whether the torrefaction process could be accelerated by adding air: the air flow was added during the drying stage whereas for samples H and I there was only the argon flow. When looking at the drying stage of the samples in the cold zone, sample G has a higher heating rate than those of samples H and I. This is also true for the torrefaction stage and when looking at the heat produced by combustion of the torr-gas, the production rate is higher than that of samples H and I.
For sample H, the airflow is added for a period of 197 minutes after the torr-gas production has reached its maximum (blue lines in Figure 9 ). The 17 minutes was chosen to see whether the torr-gas production could be enhanced with air when the torr-gas production is already declining. The airflow causes a temperature rise of the sample due to combusting the torr-gas in the vicinity of the sample. Due to this rise in temperature, the torr-gas production rate becomes higher until the volatiles in the sample are exhausted (more about this in the discussion). The small peak and following dip in the torr-gas production rate for sample H which can be seen in the upper part of Figure \ref{third} is caused by the air mass flow controller which needs a couple of seconds after switching on before the air flow reaches the set point. The experiment with sample I was held to see whether air could still enhance the torr-gas production when the sample was almost completely exhausted of volatiles (red lines in Figure  9 ).
eer.ccsenet.org Energy and Environment Research Vol. 8, No. 1; 2018 Figure 9. Power and Temperature profiles for air supply at different moments in time Summarizing the results of the three experiments, the torr-gas production rate can be raised or lowered by injecting a small flow of air during the torrefaction process. The adding of air leads to a higher sample core temperature when the air is added at the start of the torrefaction process compared to the samples where air was added after 17 Vol. 8, No. 1; 2018 and 42 minutes. When looking at the produced thermal heat Q in table Table 3 , the amount of thermal heat Q does not change significantly whether the air is injected at the start of the torrefaction experiment (sample G), after 17 minutes (sample H), or at the end (sample I).
Discussion
The discussion consists of two sections. The first part considers the increasing temperature gradient measured between the core and the outer surface of the biomass sample when adding oxygen to the argon sweepgas. The second part explains how this addition of air can be used to rapidly control the biomass bed temperature in large scale torrefaction systems.
Influence of Air on the Temperature Gradient Measured in the Biomass Sample
From the previous presented experiments, the adding of air to the argon sweepgas results in a higher temperature rise in the core of the biomass sample than when only argon is used. The external heating of the outer surface of the biomass sample is only by convection and radiation since there is no contact between the stainless steel reactor wall and the sample. The observed exothermic effect at the core of the biomass sample is due to thermally initiated chemical reactions within the sample. During the torrefaction process, the heat conduction coefficient of the biomass sample drops by a factor of more than 10 (Richard B. Bates, 2014). This (decreasing) conductivity in combination with the produced heat results in a temperature above the reactor wall temperature. The temperature in the core of the biomass increases with increasing oxygen concentration in the sweepgas. what can been seen in Figure 7 is that a higher reactor temperature leads to faster exothermic pyrolysis reactions within the particle. From Figure 8 , it is observed that the oxygen reacts with the torr-gas near the particle leading to a higher particle temperature. Considering the samples E and F from Figure 8 where respectively a flow 4.4 and 11.1 Nl/h air was supplied, the temperature gradient between the core and the outer surface of the sample was 25 and 48 degrees.
A likely explanation for this increasing temperature gradient with increasing oxygen concentration in the sweepgas is that the oxygen can travel freely though the biomass structure. To see if the pores inside the torrefied wood are large enough to let air molecules pass, an X-ray computed tomography experiment was held by Nefkens (Nefkens, 2016) to determine the average pore size. Both the virgin wood and the excessively torrefied wood were tested to determine the change in poor size distribution of the biomass sample. Figure 12 shows the distribution of pore sizes for both the virgin biomass and the torrefied biomass. As expected from the material shrinkage, the average pore radius becomes smaller for torrefied material. When the mean free path of the oxygen molecule is calculated it can be seen that those molecules can travel freely through the biomass sample because the mean free path at ambient pressure and 300°C is much smaller than that of the pores in the biomass: 75 nm versus 30 micron. The overall conclusion is then that there is a competition of two effects: O 2 can diffuse into the particle, but the torr-gas production causes an outward flow which pushes the gasses out. The adding of air to control the temperature of the biomass in large scale torrefaction reactors might solve the difficulty to process varying biomass types and qualities (e.g. moisture content) which causes fluctuations in the torr-gas production and the heat demand of the biomass itself. Especially in auger or rotating drum reactors, the torrefaction process control can benefit from having multiple air inlets along the reactor in horizontal direction so that air can be injected when the biomass reaches the temperature at which the torr-gas production is at its maximum (adding air when the biomass is too low in temperature only results in combustion of the torr-gas above the torrefaction bed further along the reactor and is thus less effective) or to give an extra temperature boost when the torr-gas production starts. It is thought that small air inlets of around 3 mm will give a better mixing between the torr-gas and the air resulting in a more homogeneous torrefied end product. From Figure \ref{third} it becomes clear that the torr-gas production can be temporarily increased by adding air. This might be useful in large-scale torrefaction systems when there is an extra heat demand in the dryer, preheater and/or the torrefaction reactor. By adding air, the biomass temperature is slightly raised due to the combustion of the torr-gas in the vicinity of the biomass. Because the torr-gas is partly combusted in the torrefaction reactor, the surplus of torr-gas when combusted can be used in the dryer or in other locations in the torrefaction reactor.
The findings in this publication have led to a patent application (WO Patentnr. WO 2017 /133917 A1, 2017 in which the injecting of air into the torrefaction bed is the main feature to either rapidly heat or cool down the biomass in the reactor. The temperature control consists of two independent control mechanisms to improve the temperature variations in the biomass bed due to variations in the feeding material (e.g. a change of moisture content). The first (slow) mechanism is the indirect heating of biomass through a reactor wall. The temperature of the reactor wall is kept at a constant temperature which is the minimum temperature needed at which the biomass produces sufficient quantities of combustible gasses which in combination with oxygen can be used to control the temperature of the biomass. The second (fast) temperature control mechanism is the injecting of small quantities of air below or into the biomass bed. The injected air reacts with the torr-gas and produces heat inside the biomass bed which results in a higher biomass temperature. Since the torr-gas production rate is very sensitive to the biomass temperature, the heat demand of the torrefaction system can be managed. Figure 13 represents an example of temperature regulation with the three situations which occur in a large scale torrefaction system: normal, heating, and cooling of the biomass inside the reactor. The situation 'normal' is when the temperature of the biomass (T target ) is sufficient to torrefy the biomass to the desired torrefaction degree while the heat production delivered by combusting the ablated torr-gass is sufficient to run the torrefaction system autothermally. In this situation the flow rate of the injected air into the torrefaction bed is the required flow to raise the biomass temperature from (T wall ) to (T target ). The situation 'cooling' is when the biomass temperature rises above the target temperature (T target ). In this situation the oxygen flow is reduced or halted and the biomass temperature drops till it reaches (T target ). In the situation 'heating', the opposite occurs. The biomass temperature drops below (T target ) and the oxygen flow is increased by two compared to the 'normal' situation. Due to the larger airflow more torr-gas is combusted inside the biomass bed causing the biomass to rapidly heat up until its temperature reaches its intended target-point and the airflow is reduced to the flow rate of the situation 'normal'. Figure 13 . Example of biomass temperature control and torrgas production inside an auger reactor by adding oxygen to the biomass bed
Conclusions
As expected from the first set of experiments, addition of air at higher torrefaction temperatures results in more torr-gas production together with a lower solid product yield. From the second set of experiments it can be concluded that adding more air from the beginning of the torrefaction process results in a higher biomass sample temperature because of a larger exothermic reaction rate. By adding air, the residence time of the biomass can be reduced as well as the reactor temperature, as was also observed by Wang et al. (Congwei Wang, 2013) . From the photograph of the samples (Table 2) , it is evident that the airflow is very critical: when too much air is added, the biomass sample starts burning and the sample temperature exceeds the reactor temperature by 73°C. In this study beech wood samples of 8 grams have been used, but the effect will be much larger in industrial systems which have a throughput of tonnes per hour and this amount of biomass might lead to thermal runaway situations. The third set of experiments shows that it is possible to control the torrefaction process as well as the torr-gas production (to some extent) with a small (varying) amount of air.
Future work will include the development and testing of a small scale continuous screw reactor with a throughput of 50 kg/h where nozzles are placed along the length of the reactor which inject air underneath the biomass bed. This new torrefaction temperature control method might be the solution for preventing thermal runaway situation in conventional reactors as well as the foreseen increase of throughput and quality of the torrefied biomass. 
